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Confocal microscopy is an essential imaging tool for biological systems, in solid-state physics and
nano-photonics. Using confocal microscopes allows performing resonant fluorescence experiments,
where the emitted light has the same wavelength as the excitation laser. Theses challenging ex-
periments are carried out under linear cross-polarization conditions, rejecting laser light from the
detector. In this work we uncover the physical mechanisms that are at the origin of the yet unex-
plained high polarization rejection ratio which makes these measurements possible. We show in
both experiment and theory that the use of a reflecting surface (i.e. the beam-splitter and mirrors)
placed between the polarizer and analyzer in combination with a confocal arrangement explains the
giant cross-polarization extinction ratio of 108 and beyond. We map the modal transformation of
the polarized optical Gaussian beam. We find an intensity “hole” in the reflected beam under cross-
polarization conditions. We interpret this as a manifestation of the Imbert-Fedorov effect, which
deviates the beam depending on its polarization helicity. This implies that this topological effect
is amplified here from the usually observed nanometer to the micrometer scale due to our cross-
polarization dark field methods. We confirm these experimental findings for a large variety of com-
mercially available mirrors and polarization components, allowing their practical implementation in
many experiments.
I. INTRODUCTION
In optical spectroscopy experiments it is crucial to
excite an emitter with a laser very close to its transi-
tion energy. Experiments under resonant excitation are
essential for accessing the intrinsic optical and spin-
polarization properties of large class of emitters [1–5].
Using linear cross-polarization in a confocal setup has
been successfully employed as a dark-field method to
carry out resonant fluorescence experiments to suppress
scattered laser light, with the added benefit of high spa-
tial resolution [6, 7]. Resonant fluorescence experiments
allow crucial insights into light-matter coupling, such as
the interaction of a single photon emitter with its envi-
ronment [8], with optical cavities [9] and also studying
single defects in atomically thin materials such as WSe2
[10]. Dark-field confocal techniques allow developing
single photon sources with high degrees of photon in-
distinguishability [11–13] and longer coherence [14]. In
practice dark-field laser suppression is not just a spec-
troscopy tool, it is also a key part of more matured quan-
tum technology systems [15].
Despite many advances based on experiments in con-
focal microscopes with cross-polarization laser rejec-
tion, the physical mechanisms that make these experi-
ments possible are not well understood, hampering fur-
ther progress in this field. The key figure of merit is
the suppression of the excitation laser background by at
least six orders of magnitude. Indeed a suppression by a
factor of 108 [16] up to 1010 (this work) have been mea-
sured. But this is very surprising as mirrors and beam-
splitter in such a system reduce the theoretical extinc-
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tion limit to the 103 to 104 range.
In this work we explain the physics behind the giant
enhancement of the extinction ratio by up to seven or-
ders of magnitude that make microscopy based on dark-
field laser suppression possible. The measurements of
resonant fluorescence are typically performed in an epi-
fluorescence geometry [16], for which laser excitation
and fluorescence collection are obtained through the
same focusing lens. This involves necessarily the use of
a beam-splitter orienting the back-reflected light con-
taining the fluorescence towards a detection channel. In
our work we identify two key ingredients that explain
the giant amplification of the cross-polarization extinc-
tion ratio : (i) a reflecting surface (i.e. the beam-splitter)
placed between a polarizer and analyzer, and (ii) a
confocal arrangement. We demonstrate giant extinc-
tion ratios in our experiments for different mirrors (sil-
ver, gold, dielectric, beam-splitter cubes) and polarizers
(Glan-Taylor, nanoparticle thin films). We demonstrate
that behind this general observation lies the intriguing
physics of the Imbert-Fedorov effect [17, 18], which de-
viates a reflected light beam depending on its polariza-
tion helicity. We discover that a confocal arrangement
not only amplifies the visibility of the Imbert-Fedorov
effect dramatically, taking it from the nanometer to the
micrometer scale, but also exploits conveniently the
symmetry of the newly observed Imbert-Fedorov modes
to insure that the cross-polarized laser beam is not cou-
pled, explaining the near complete suppression of the
laser background signal. In other words, we cannot treat
the spatial (i.e. modal) and polarization properties of
light separately in our dark-field confocal microscope
analysis. In addition to new developments in dark-field
microscopy our experiments provide powerful tools to
understand spin-orbit coupling of light [19–21], in the
broader context of topological photonics [20, 21].
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2In our work we setup a robust, highly reproducible
experiment and derive a convenient classical formalism
to investigate these remarkable effects at the cross roads
of quantum optics and topological photonics.
The paper is structured as follows, in section II we
introduce the experimental setup, cancellation of polar-
ization leakage is measured and discussed in a first sim-
plified model in section III, the modal transformation of
a reflected Gaussian beam is analyzed in section IV. The
effect of confocal filtering is discussed in section V.
II. CONFOCALMICROSCOPE SETUP
We used a simplified confocal arrangement as de-
picted in Fig. 1a,b in order to focus on the most relevant
physics leading to extreme laser rejection. A diode laser
beam (1) at λ = 905 nm wavelength is launched into a
single mode fibre (2). The light emerges from the 4◦
angled flat-polished end with a nearly perfect Gaussian
beam with ω0 = 2.5 µm mode waist radius at 1/e2 of the
maximum intensity. A diffraction limited microscope
objective (3) of numerical aperture NA= 0.25 and focal
length of f = 26 mm focused on the fiber end collimates
the light into a 3 mm waist radius Gaussian beam. We
choose the NA to be significantly larger than the diverg-
ing beam half-angle out of the fiber in order to preserve
the Gaussian quality of the beam.
A pair of mirrors (4,5) mounted on two axis tilt-stages
allows for fine steering of the collimated beam axis.
Next the beam travels to a linear polarizer (6) mounted
on a piezoelectric stepping stage rotating with 20 µrad
resolution around the optical axis. The best quality
commercial linear polarizers we used for this experi-
ment showed an extinction in direct cross polarization
limited to 105 for nanoparticle thin film polarizer and
to 106 for Glan-Thomson crystal polarizers. The beam
travels then towards a mirror (8), the key element of
this experiment, either by passing first through an an-
alyzing polarizer (Fig. 1a) for the control measurement,
or by passing through the analyzer after a reflecting
surface for the test experiment (Fig. 1b). We mounted
the analyzer also on a piezo stepper fine rotation stage.
The mirror (9) mounted on two-axis piezo controlled tilt
stage steers the beam into a microscope objective (10)
identical to (3) focusing the light into the core of a sin-
gle mode fiber (11) identical to (2) allowing for Gaus-
sian TEM00 modal confocal filtering and optical detec-
tion ((12)- Si-photodiode) at the other end of the 5 m
fiber cable. This confocal arrangement simulates the es-
sential components of the resonant fluorescence confo-
cal microscopes. The reflecting surface plane (8) at 45◦
of incidence, defines the standard p and s state of po-
larization with projections along ~ex and ~ey respectively.
The reflecting test surfaces in position (8) of Fig. 1a,b
we used in this work were commercial protected silver,
aluminum and dielectric high reflectivity Bragg mirrors,
evaporated gold film, as well as non-polarizing beam-
splitter cubes. All such reflecting surfaces are typically
used in diffraction limited confocal microscopes. The
results were qualitatively very similar for all these re-
flecting surfaces. We choose to show here the data mea-
sured with silver mirrors only, this with the exception of
data measured for comparison on a glass surface reflect-
ing from air as discussed at the end of this publication.
We now discuss the measurements in the configura-
tion shown in Fig. 1b, for which the reflecting test sur-
face is sandwiched between the polarizer and the ana-
lyzer. First, the polarizer angle β is adjusted near 0 or
pi/2, for p- or s-polarization respectively, while setting
the analyzer angle α near cross-polarization at β ±pi/2.
Then the polarizer and analyzer are subsequently finely
rotated to reach maximum extinction at values β and
α respectively. Once the optimization reached, β re-
mains untouched and the analyzer in its rotator is sub-
sequently placed before the reflecting surface just af-
ter the polarizer for our control extinction measurement
(Fig. 1 a). The analyzer angle must be then be adjusted
to a new value α0 in order to recover maximum nom-
inal extinction specification inherent to the polarizers;
α0 defines then the p or s reference. The extinction data
measured as a function of the analyzer angle α in refer-
ence to α0 are shown in Fig. 1c for the control measure-
ment (Fig. 1a) as well as for the p- and s-polarizations
in the configuration (Fig. 1b). Two striking observa-
tions stands out. (i) For all the tested reflectors indi-
cated above, the extinction ratio obtained this way was
enhanced beyond the 108 range when the test mirror
surface was sandwiched between the polarizer and the
analyzer, reducing this way significantly the polariza-
tion leakage of the polarizers. (ii) The analyzer angle for
maximum extinction is shifted away from α0 by +0.898◦
and −0.977◦ for the p- and s-polarization respectively,
a significant angular deviation given our resolution of
about 10−3 deg. In the next section we provide a first
explanation for these two striking observations.
III. CANCELLATION OF POLARIZATION LEAKAGE
Intuitively, the significant reduction of the polariza-
tion leakage field must find its root in an destructive
interference effect. The first challenge towards finding
an answer to our problem is to offer a model of the po-
larization leakage. In order to determine the light field
at various planes such as after the polarizers and mir-
rors, we define a right hand coordinate system ~p, ~s trans-
verse to the optical beam propagation axis ~p ×~s accord-
ing to the definition of p- and s-polarization with re-
spect to the plane of incidence with the test surface (8)
of Fig. 1b. For clarity, ~s ≡ ~ey is perpendicular to the in-
cidence plane. In this section, we will test first the sim-
plistic idea that the collimated laser beam can be ap-
proximated by a plane wave. We use a Jones matrices
formalism projecting the field components along ~p, ~s af-
ter each relevant optical element namely the matrix ¯¯P (β)
3FIG. 1: (a)(b) Cross-polarization extinction setup in a confocal microscope arrangement setup as described in the text. (c)
Measured and modeled linear polarization extinction ratio for both p- and s-polarized beam around cross-polarization conditions
obtained by placing the analyzer before (panel (a)) and after (panel (b)) a protected silver mirror. A giant extinction enhancement
of more than 3 orders of magnitudes is obtained in configurations s- and p- with the reflecting surface placed between crossed
polarizers. The inset is a magninifcation of the polarization exctinction near maximum for the s-polarization. An angular shift
of the location of maxima of extinction is systematically found for the s- and p-polarization with respect to the reference.
of the polarizer, ¯¯M of the reflecting test surface and ¯¯A(α)
that of the analyzer. In this formalism an ideal linear
polarizer along ~p and ~s is represented by
¯¯Pp0 =
[
1 0
0 0
]
, ¯¯Ps0 =
[
0 0
0 1
]
(1)
We will assume now that a real physical linear polar-
izer along ~p or ~s represented by ¯¯Pp = ¯¯L ¯¯Pp0 and
¯¯Ps = ¯¯L ¯¯Ps0
respectively and is characterized by a polarizer leakage
Jones matrix ¯¯L. The assumption we are making about
the physical origin of the leakage is that it is due to loss-
less coherent scattering such as Rayleigh scattering in-
clusions in the crystal. This implies that ¯¯L is unitary.
The second assumption, which we verified experimen-
tally, is that the leakage should be invariant upon an ar-
bitrary angular rotation ϕ around the optical axis ~p ×~s,
namely ¯¯L = ¯¯R(ϕ) ¯¯L ¯¯R(−ϕ) where the rotation matrix ¯¯R(ϕ)
is given by
¯¯R(ϕ) =
[
cosϕ −sinϕ
sinϕ cosϕ
]
(2)
We choose to represent the polarization leakage by a ma-
trix
¯¯L =
[
a ib
−ib a
]
(3)
where a2 + b2 = 1. Such a form is unitary (i.e. lossless)
and invariant upon rotation. For a high quality com-
mercially available linear polarizer a2  b2, which is
the case in our setup since from our experiment we
determine a2/b2  (1.5±0.5)×105. This is the measured
nominal leakage seen in Fig. 1c. We note that the
formalism can also be extended to circular polarizers,
in which case a2  b2 and the leakage stems from the
slight difference between the two terms.
We assume an incoming laser field ~Ep initially p-
polarized that we rotate at an angle β aligning it with
the polarizer such ~E(β) = ¯¯R(β)~Ep. This field first tra-
verses the leaky polarizer also rotated at β such ¯¯P (β) =
¯¯R(β) ¯¯L ¯¯Pp0
¯¯R(−β) followed by the mirror matrix ¯¯M and
by the analyzer matrix rotated at an angle α namely
¯¯A(α) = ¯¯R(α) ¯¯L ¯¯Ap0
¯¯R(−α) so the field ~E just after the ana-
lyzer writes
~E = ¯¯A(α) ¯¯M ¯¯P (β) ¯¯R(β)~Ep (4)
The mirror Jones matrix for a plane wave writes
¯¯M =
[
rp 0
0 rs
]
(5)
Where rp,s are the complex valued Fresnel reflectiv-
4ity coefficients rp = (cosθi −
√
 − sin2θi)/(cosθi +√
 − sin2θi) and rs = (cosθi −
√
 − sin2θi)/(cosθi +√
 − sin2θi) [22] where the test surface material en-
ters through its complex-valued dielectric function  =
1 +i2 or equivalently its optical constant n2 = , which
is tabulated for noble mirror metals [23]. After a lengthy
but straightforward calculation, we determine the light
intensity just after the analyzer
I = a2 | rp cosα cosβ + rs sinα sinβ |2
b2 | rp cosα sinβ − rs sinα cosβ |2 −2ab Im(rpr∗s )cosα sinα (6)
The polarization extinction ratio is then simply given by
1/I . A practical check for p(s) polarized light, namely
for β = 0(pi/2) and the corresponding cross-polarization
α = pi/2(0) leads to the expected finite polarization
leakage I = b2 | rp/s |2. For a hypothetical perfect mirror,
rp = 1 and rs = −1 making it in this idealized case I = b2.
Because the reflecting surface has real and imaginary
components for rs and rp, equation (6) shows that for
a ”sufficiently small value” of b2 we can always find a
choice of angles α,β that leads to I = 0, cancelling this
way the undesired leakage. This is always true under
condition of total internal reflection which is the case of
a metallic mirror in the visible and infrared range and
for a typical cube beam-splitter. A ”sufficiently small
value” of depolarization to obtain perfect cancellation
means in the context of our work typically b2 < 6× 10−3
when using a silver mirror as we will derive later in the
text. The reflecting test surface in combination with the
polarizers rotation act to interfere destructively with
the residual rotation invariant lossless polarization
leakage inherent to even best commercial linear polar-
izers. Conversely, for a purely dielectric surface such a
glass (i.e. BK7) reflecting from the air-side, for which
rp and rs are both real, no full polarization leakage
cancellation was possible.
To get a better feel for the relevant parameters
at work in cancelling almost perfectly the polariza-
tion leakage we use the form rp = ρp exp(iϕp) and
rs = ρs exp(iϕs). Consider high reflectivity mirrors for
which ρp ≈ ρs ≈ 1. Solving equation (4) for field cancel-
lation leads to the first order in | b | 1 to a set of two
equations cos(α + β) = b/ tan∆ and cos(α − β) = b tan∆
where ∆ = (ϕp − ϕs)/2. This way both α and β can
be analytically calculated. In the particular case of
dielectrics reflecting from the air side for which ∆ = pi/2
we see already that there are no solutions. Instead we
need the condition ∆ , pi/2 which is always verified in
condition of total internal reflection. For pure silver at
λ = 905 nm, ϕp − ϕs = 192.52◦ implying tan∆ = −9.12
which in turn shows that for this particular case a
solution I = 0 exist for polarizers with leakage levels
b2 < 0.012. One more step is required to make use
of these equations towards interpreting our results
because we did not find any easy way to measure
independently an absolute value α and β to the pre-
cision required for our measurements. As explained
in the previous section the value we can measure
experimentally with the required accuracy is the shift
α −α0. In the reference measurement with the analyzer
placed directly after the polarizer we assume that the
cross-polarization condition α0 − β = pi/2 holds. For
the test experiment, the equation cos(α − β) = b tan∆ is
developed in the limit of small leakage | b tan∆ | 1,
so that we get α − β = pi/2∓ b tan∆ for the near p and s
conditions respectively. This shows that the correction
to the analyzer is simply α − α0 = ∓b tan∆ corre-
sponding to α − α0 = +0.898◦ with a measured leakage
1/b2 = 8.3 × 104 and −0.977◦ with 1/b2 = 9.6 × 104
for the p- and s- state respectively in the case of the
measurement of figure 1b, for a protected silver mirror.
Hence, we determine ∆ = 102.48◦ and ∆ = 100.7◦ for p
and s beam respectively. Given the measured leakage
limiting the nominal extinction at 1/b2 = (1.5 ± 0.5)105
we determine b = (2.7 ± 0.5)10−3 which in turn allows
determining ∆ = 99.7◦ ± 1.7◦ a value to be compared
to the value for pure silver of ∆ = 96.27◦ [23]. The
difference could be possibly related to the effect of the
protective layer or on the purity of the silver mirror
we used. This simple novel method shows that we can
conveniently measure the phase shift ϕp−ϕs between p-
and s-polarization after reflection for metals. Our mea-
surements performed using a high reflectivity Bragg
mirror showed larger shifts α − α0 = ∓2.2◦ leading
to a phase shift ϕp − ϕs = 189.2◦ between the p- and
s-reflected components.
The full measurements shown in Fig. 1c are fit-
ted using equation 6 accounting convincingly for
the cross-polarization extinction amplification and
the slight polarizer and analyzer rotation shift re-
quired to reach it. In the limit ρs ≈ ρp, we calculate
that the polarization leakage should be sufficiently
small to allow perfect extinction when the condition
b2 < (1 − √tan2∆− 1/√tan2∆+ 1)/2 is verified. For our
experimental case, this corresponds to b2 < 1.26 10−2
and for a pure silver to b2 < 6.00 10−3. Such values
are in fact relatively large and thus allow realistically
achieving polarization leakage cancellation for most
standard commercial polarizers.
A last practical aspect to address is the wavelength
dependency of this effect. For a highly reflecting
mirror, the wavelength dependency is to be found in
the phase difference ∆(λ). As a result, the correction
to the analyzer angle α(λ) − α0 = ∓b tan∆(λ) calculated
for reaching maximum extinction is also a function of
wavelength. Hence, we see that the polarizer angle α of
maximum extinction shifts as a function of wavelength
as ∂α/∂λ = ∓b(∂∆/∂λ)/ cos2∆ which can easily be
evaluated using the formulae of Fresnel coefficient and
the corresponding dielectric constant of the mirror
relevant material. For a perfect silver mirror and a
polarization leakage of 105 we evaluate a chromaticity
rate of ∂α/∂λ = 0.0019◦/nm for a wavelength around
5λ = 905 nm. In this particular example, keeping the
analyzer angle at value of maximum extinction for
905 nm, the wavelength could be shift by up to ±10 nm
and still keep the extinction up to a level > 107.
At this point we could conclude the paper here as
we were able to explain convincingly all the features of
the enhanced polarization extinction. Our analysis has
however occulted so far a crucial point, namely the ex-
perimental fact that the leakage cancellation was only
measurable in a confocal arrangement, a point that is
elucidated in the next chapters. More specifically, the
analysis we conducted leading to the main result in
equation (6) so far was done purely for a plane wave
for which the Jones matrix formalism is valid. In real-
ity however, the finite size of the collimated Gaussian
laser beam imposes a finite angular wave distribution
around the angle of incidence on the mirror [24]. The
Fresnel coefficient rp and rs becomes then a function of
the angular distribution [24]. This as we will see, leads
to significant geometrical depolarization effects in form
of new optical modes limiting the total extinction to the
104 range. We will see that a confocal arrangement fil-
ters away the depolarization modes and that the result
of this chapter turns out to be fortuitously usable.
IV. MODAL TRANSFORMATION OF A REFLECTED
POLARIZED GAUSSIAN BEAM
To find the origin of the unexpectedly high polariza-
tion rejection ratio > 108, we mapped the detected in-
tensity by scanning the spatial position of the collecting
fiber in the focal plane of the focusing objective.
In the absence of a reflecting surface between the an-
alyzer and polarizer in cross-polarization, namely the
reference configuration in Fig. 1a, the measurements
in Fig. 2a,b (upper row) show a pure TEM00 Gaussian
mode field attenuated by 8.3×104 and 9.6×104 for p and
s polarized beam, respectively. This level is expected for
the polarizer leakage specifications. In contrast, when
we place the analyzer after the reflecting test surface,
the measurements show that the mode splits into two
lobes distributed along ~ey and located above and below
the reflectivity plane. In this cross-polarized configura-
tion, we find an intensity “hole” at the location of the
optical fiber center. There the intensity extinction is
slightly higher than 108, a factor 100 away from our ac-
tual setup sensing-limit. We occasionally reached 1010
records in which the dark noise of the detector was in
fact the limiting factor. We have experimentally veri-
fied the stability of this effect over tens of hours for p-
and s- linearly polarized incident light. We observed
qualitatively the same effects for incidence angles of θi
at 9◦, 22◦, 25◦, 30◦ and 68◦. We observed qualitatively
the same behavior for different type of polarizers such
as crystal polarizer (Glan-Taylor) and nanoparticle thin
film linear polarizers, for different mirrors such as sil-
ver, gold, aluminum, dielectrics Bragg reflectors and
non-polarizing beam-splitter cubes, attesting to the ro-
bustness of this effect.
To get a feel for the measured modal transforma-
tion for p- and s-, we measured and showed in Fig. 3
and Fig. 4 the evolution of the confocal light intensity
maps for different analyzer rotation angles variation δα
around the symmetrically split mode. Fig. 3d and 4d
show quantitatively for p- and s- polarizations the mea-
sured positions of beam-peak shifts along ~ey and split-
ting above and below the plane of incidence as a func-
tion of δα. We observed a very similar behavior for
beam-splitter cubes typically used in the resonant flu-
orescence setup such as in reference [6, 7, 14, 16], with
the difference however that equivalent figure looks in-
stead mirrored with respect to the axis ∆y = 0. In all
cases, such split-lobes intensity distribution is very rem-
iniscent of a TEM01 Hermit-Gaussian mode.
Figure 3.c and 4.c show on careful inspection that the
minima of intensity or maxima of extinction do not oc-
cur exactly at y = 0 but instead are very slightly dis-
placed symmetrically along y for both the p- and s- po-
larization. This mean that there is not a single position
of the fibre location y that can lead to a maximum ex-
tinction for both p- and s- polarization at the same time.
This is also clearly seen in Fig. 1.c for which the extinc-
tion is beyond the 109 range for the s- polarization and
108 for p- in that particular measurement. This obser-
vation suggest clearly that the novel modes along y do
seem to assist in boosting the extinction well beyond
the 108 level. We have reached a record level of 1010
for which the limiting factor was the dark noise of our
detector. The challenge in such experiment is to have
a polarization rotator that enable stepping with small
enough rotation angles. At this point we need to find
out why (i) the confocal arrangement enables the dra-
matic extinction enhancement as seen in Fig. 1.c, and (ii)
why does the beam shift and split at cross-polarization
in Fig. 2 (lower row) and this always above and below
the plane of incidence.
To answer these questions we need to first model the
spatial field distribution ~Ef x,y at the focal plane of the
focusing lens just before the collecting single mode op-
tical fiber and then use the collecting fiber as the con-
focal Gaussian filter function porting the light to the
detector. The finite size beam before the mirror re-
sults from a Gaussian-weighted superposition of plane-
waves propagating along an angular distribution k
→
/k0 =
up→+ v s→+w
→
k0/k0 very narrowly centered around ~k0 the
wave vector along the optical axis with k0 = 2pi/λ. In the
paraxial approximation u and v are both  1, so they
represent the angular spread of the collimated beam.
The focusing lens transforms each plane-wave field ~Eu,v
of the angular distribution into a field density ~Ef x,y in
the focal plane, hence the beam reaching the focal plane
at distance f result from a coherent superposition of
all such focused components. Assuming that all these
6FIG. 2: Confocal mapping of s- (a) and p- (b) laser beam in co- and cross-polarization using a scanning mirror (9). The upper and
lower rows of the figures are measurements with the analyzer placed before ( Fig. 1a) and after ( Fig. 1b) the test reflecting surface
respectively, in s-polarization and p-polarization (panel a and b). We plot the extinction ratio map by dividing, pixel per pixel,
the co-with the cross-polarized data. In cross-polarization, a modal splitting along ~ey above and below the plane of incidence is
observed both for the s- and p-polarization. The dotted line circle is the 1/e intensity level of the Gaussian distribution resulting
from the confocal convolution between the focused spot and the collecting fiber mode. The location of the maxima of the modal
splitting lie exactly on that circle. The diameter of this circle gives also the non-convoluted focal spot waist diameter at 1/e2
focused on the collecting fiber end. The vertical white bar represents 5µm.
waves are paraxial and applying the Fresnel approxima-
tion [25] one can establish that
~Ef x,y = −iλf exp+ik0f
+∞"
−∞
~Eu,v exp+ ik0(xu + yv)dudv (7)
The integrals run normally within the maximum
boundaries -1 and 1 for u, v, but for mathematical con-
venience they are extended to infinities as this does not
affect the result in a paraxial approximation, namely
because ~Eu,v vanishes rapidly when u, v are no longer
much less than unity. In what follows we will drop the
propagation phase term exp+ik0f as we from now on
just concern with establishing the field at focal plane
only. The next step is to obtain the angular distribution
E
→
u,v . Such problem was modeled for a Gaussian field
distribution in [26] by Aiello and Woerdman. We derive
here a simplified version conveniently describing the es-
sential physics needed to model our observations. We
begin with the field just before the polarizer for which
we assume a linearly polarized Gaussian-field normal-
ized angular distribution E
→
0uv
E
→
0uv =
E0
piθ20
exp − u
2 + v2
θ20
[
cosβ
sinβ
]
(8)
The mode divergence θ0 = 2/(k0ω0) = ω0/l results from
the finite size of the collimated laser beam with beam
radius ω0 ≡ 3mm, and the Rayleigh range l = k0ω20/2
is 104 m, a value much larger than the size of our ex-
perimental setup allowing us to ignore the role of beam
propagation up to the focusing lens. With this conven-
tion a p(s) polarized light is obtained at β = 0(pi/2).
When the beam reflects off the test surface, each plane-
wave component acquires an angle dependent Fresnel
reflection coefficient rp,uv and rs,uv that are function not
only of θi but also of u, v [24].
Consequently, for each plane-wave component, we
choose a coordinate system ~ep, ~es, ~k/k0 that defines a lo-
cal incidence plane for that wave. The longitudinal basis
vector is ~k/k0 and the transverse ones are ~es = ~k/k0 × ~ez
and ~ep = (~k/k0 × ~ez) × (~k/k0) in the s- and p- planes re-
spectively. To obtain the reflectivity of the mirror for
each plane wave, we determine first the weights of p-
and s- field-components, given by the weighted pro-
jections rp,uv(~ep · ~E0uv) and rs,uv(~es · ~E0uv). We deter-
mine then the resulting reflected field transverse field
along the corresponding reflected basis ~es,R = ~kR/k0 × ~ez
and ~ep,R = (~kR/k0 × ~ez) × (~kR/k0) such ~Euv = rp,uv(~ep ·
~E0uv)~ep,R + rs,uv(~es · ~E0uv)~es,R. Here ~kR is the mirrored
wave vector after reflection. In the paraxial limit, for a
beam impinging, the Fresnel coefficients are developed
to the first order in u around θi and v around 0, giv-
ing rp,uv = rp + u ∂rp/∂θi and rs,uv = rs + u ∂rs/∂θi . The
first order derivatives ∂rp/s uv/∂v in the s-plane vanish
both for rp and rs leaving just derivative r
′
p = ∂rp/∂θi
and r
′
s = ∂rs/∂θi . We calculate the components of the
incoming and reflected basis vectors e→p, e
→
s, k
→
/k0 and
e→p,R, e
→
s,R, k
→
R/k0 in the paraxial limit u,v << θi . After
a lenghty but straightforward calculation we obtain the
reflected field distribution after the mirror for each an-
7FIG. 3: p-polarized beam reflected off a silver mirror. Mea-
sured (a) and simulated (b) evolution of the modal confocal
imaging mapping through maximum extinction (c) for differ-
ent analyzer angles δα as explained in text. In (d), the beam
peak-shift and splitting positions are shown in units of beam
waist ωf at focus which we modeled for our silver mirror
∆ = 102.48◦and a leakage of 1/b2 = 8.3× 104
gle u,v. We express the result conveniently in terms of
Matrix notation ~Euv = ¯¯Mu,v ~E0uv where
¯¯Mu,v =
[
rp 0
0 rs
]
+u
[
r ′p 0
0 r ′s
]
+ v
rp + rs
tanθi
[
0 −1
1 0
]
(9)
Upon inspection of the expression (9) for symmetries
we see now that the reflectivity Jones matrix transforms
an impinging perfect Gaussian mode, such as equation
(8), into the sum of TEM00, TEM01 and TEM10 Hermit-
Gauss modes. The indices for TEMnm indicate the num-
ber of nodes along the ~p and ~s direction repectively. The
first term in the right hand side is the normal test sur-
face reflectivity we used in the first part of this paper.
The second term is responsible for generating a TEM10
mode along ~p in the plane of incidence. This term is in
fact responsible for the Goss-Hänchen effect [27], as it
has its physical origin in the angular dispersion of the
reflectivity terms at θi . Here the different plane-wave
components acquire slightly different phases upon re-
flectivity shifting the beam in the plane of incidence.
Because this matrix is diagonal, we see that for a perfect
p- or s-polarization the Goos-Hänchen effect does not
contribute to depolarization.The third term, the most
relevant to this work, is responsible for generating an
out of plane-of-incidence TEM01 mode with two lobes
along ~ey . This term is the physics responsible for the
Imbert-Fedorov effect [17, 18, 20, 28] known to deviate
a reflected light beam above or below the plane of inci-
dence depending on its right handed or left handed po-
larization helicity. The calculation detailed above shows
that this term originates purely from geometrical pro-
jections in which the gradual phase-shift gained by each
plane-wave component upon reflection, sums to a cross-
FIG. 4: s-polarized beam reflected off a silver mirror. Mea-
sured (a) and simulated (b) evolution of the modal confocal
imaging mapping through maximum extinction (c) for dif-
ferent analyzer angles δα as explained in text. In (d), the
beam peak-shift and splitting positions are shown in units of
beam waist ωf at focus which we modeled for a silver mirror
∆ = 100.7◦and a leakage of 1/b2 = 9.6× 104
diagonal matrix that mixes the p- and s- phase shifted
reflected plane wave components. Consequently this
term is responsible for an intrinsic reflectivity induced
depolarization for p- and s-polarization even when us-
ing ideally perfect polarizers. Because of the purely geo-
metrical projections nature of the argumentation, com-
pelling connections between the Imbert-Fedorov effect,
Berry’s phase and spin-hall effect of light are discussed
in the literature [20, 28]. Because of the direct propor-
tional dependency of this matrix on the angle v and in
particular its sign, it creates a TEM10 mode asymmetric
along ~ey , adding/suppressing field to/from the symmet-
ric main mode displacing this way its weight above or
below the plane of incidence depending on its helicity.
This can be easily verified using a circular polarization
version of equation (8) with the Jones matrix equation
(9). From this simple derivation, it is worth appreciating
that in the paraxial approximation equation (9) express
both Goos-Hänchen and Imbert-Fedorov effects in an el-
egant and compact way. At this point, we can see from a
symmetry argument that our confocal arrangement en-
hances cross-polarization extinction. Without the con-
focal arrangement, the extinction would have been nat-
urally limited in the 104 range in our experiment as we
will discuss in the next chapter.
In the following step we express the field distri-
bution transmitted through the polarizer, the mirror
and analyzer at the back aperture of the focusing lens
~Euv =
¯¯A(α) ¯¯Mu,v ¯¯P (β)~E0uv used in the Fourier transform
equation (7). Before providing the general solution,
we get first a feel for the physical parameters govern-
ing the Imbert-Fedorov cross-polarized mode. For this,
we consider the special case of a p- or s-polarized light
8impinging on the mirror and subsequently analyzed in
cross-polarization configuration. Here, only the third
matrix on the r.h.s of equation (9) is relevant, all other
terms cancel. After some algebra we obtain the cross-
polarized field for the p(s) incident light
~Ef ⊥ = ±E0
piω2f
rp + rs
tanθi
y
lf
exp − x
2 + y2
ω2f
~es (10)
here the focused spot waist radius ωf = λf /piω0 '
2.5µm is the fiber Gaussian mode size and lf = k0ω
2
f /2
corresponding Rayleigh range, in our case 21.7µm. We
notice that the field is an antisymmetric function of
y with two lobes with opposite phase located at y =
±ωf /
√
2 above and below the plane of incidence. The
field peak intensity normalized to the maximum of
co-polarized peak intensity is proportional to the ra-
tio ωf /lf which is nothing else than θf = 2/(k0ωf ) the
half cone angle of the focused beam which in our ex-
periment is the numerical aperture of the single mode
fiber. An important result emerges, namely that the lens
amplifies dramatically the Imbert-Fedorov mode field
strength. It is easy to show that the amplification fac-
tor of the light intensity is ω20/ω
2
f when comparing the
peak strength just after the reflecting test surface (i.e
ω0 = 3mm) and at the focal plane. In our case we ob-
tain an amplification of 3mm/2.5µm = 1200. This is the
reason for which we can detect this mode so clearly in a
confocal configuration.
The other essential physical parameter that governs
the Imbert-Fedorov mode field intensity is the sum rp+rs
given by the material reflecting properties. To get a
more physical insight we use the representation rp =
ρp exp(iϕp) and rs = ρs exp(iϕs) that can be conveniently
symmetrized using ρs = ρ+δρ/2, ρp = ρ−δρ/2 for the re-
flectivity and ∆ = (ϕp −ϕs)/2 the phase difference. This
way we obtain
rp + rs = 2ρcos∆+ iδρ sin∆ (11)
to within a constant proportional phase term expi(ϕp +
ϕs)/2 identical for all modes of equation 9. We now see
that the difference ϕp −ϕs governs the intensity and the
phase of the Imbert-Fedorov mode. For instance in the
case of the air side reflectivity off a perfect dielectric we
have ϕp − ϕs = pi, hence rp + rs = iδρ, so the Imbert-
Fedorov mode field intensity is directly proportional to
the pure differential reflectivity between the p and s
waves. In contrast, for dielectrics under total internal
reflectivity and for metals we have δρ ≈ 0 and ρ ≈ 1 so
that rp+rs = 2cos∆. In this case the strength of the depo-
larizing mode is fully governed by the phase difference
ϕp −ϕs. We conclude that mapping the Imbert Fedorov
mode fields in a confocal microcopy setup provides a
direct and sensitive access to the differential reflectivity
amplitude and phases of a reflecting surface. To move
forward with our analysis on the more general case we
have performed the Fourier optics transformation equa-
tion (7). The result is that the field image at focal plane
for the test experiment with the mirror placed between
the polarizers is ~Ef xy = ¯¯A(α) ¯¯Mx,y ¯¯P (β)~E0x,y where the ef-
fective reflectivity Jones matrix is given by
¯¯Mx,y =
[
rp 0
0 rs
]
+ i
x
lf
[
r ′p 0
0 r ′s
]
+ i
y
lf
rp + rs
tanθi
[
0 −1
1 0
]
(12)
The spatial distribution of the field ~E0x,y results from
the lens transforming the unperturbed linearly polar-
ized laser field angular distribution of equation (8) into
a spatial normalized distribution now at the focal point
such
~E0x,y = −iE0
piω2f
exp − x
2 + y2
ω2f
[
cosβ
sinβ
]
(13)
This result turns out to be within a Gouy phase −i at
focus, the one discovered in a different context in the
insightful and pioneering work of Aiello et. al. [29].
In their work the authors provided within a paraxial
approximation, a complete analytical solution for the
field distribution of a single mode Gaussian beam re-
flected off a mirror. The essential finding from our
work is that the confocal arrangement transforms the
collimated beam waist ω0 and Rayleigh length l and of
Aiello et. al. [29] field distribution at the mirror plane,
into lf and ωf in our case. This result appears benign at
first but as discussed earlier amounts to a sizeable am-
plification of the weak mode intensity in proportion to
ω20/ω
2
f . Aiello et. al. [29] showed that it is the finite size
of the beam at the reflecting surface that are respon-
sible for the additional field terms that affect the ini-
tial Gaussian mode. From our work it is becoming now
clear here that using a confocal arrangement, the size of
the beam at the mirror is not relevant to our measure-
ments but rather the size of the focused beam that plays
a crucial role. This fact, at first non-intuitive, provides a
valuable advantage to explore experimentally the cross-
polarization geometry with sufficient sensitivity and a
very fine spatial resolution. In particular, high extinc-
tion cross-polarization extinction is kin to the “weak
measurement procedure” of Aharonov et.al. [30, 31]
which we extend here to a confocal arrangement en-
abling the added benefit of spatial resolution. Recent
literature [20] provides an interpretation for the depo-
larization as resulting from an effective spin-orbit inter-
action of light occurring at the mirror surface manifest-
ing itself in the form of a spin hall effect of light [32]. In
the work, we restrict ourselves to a purely modal inter-
pretation and leave the discussion concerning spin-orbit
aside.
V. EFFECT OF CONFOCAL SPATIAL FILTERING
The one final point we need to address to get a full
quantitative interpretation of our experiment is to ad-
dress the effect of the confocal filter function of the col-
lecting fibre. The single mode fiber collects and ports
9the field to the photo-detector, it does this however by
acting as a Gaussian spatial filter. For our symmetric
setup shown in Fig. 1 we illuminate and collect light
with a single mode fibers of identical mode size, and
with identical collimating and focusing lenses. The spa-
tial filtering is a convolution between the field spatial
distribution at focal plane and the fiber Gaussian mode
amounting to a detected field strength ~ED location x0,
y0 with respect to the optical axis. The results of the cal-
culation for the field are the following. First we get the
mapping of the reference field without use of polarizer
and reflecting surface as seen by the detector
~ED0,0 = − iE02 exp −
x20 + y
2
0
2ω2f
[
cosβ
sinβ
]
(14)
We note that beam waist at focus appears now to be
broadened by a factor
√
2 when comparing with the
distribution of equation 13. Second we found that the
confocal filtering by convolution with a Gaussian mode
leads to a modified effective Jones matrix for the reflect-
ing surface acting on the field as seen from the detector
¯¯MDx0,y0 =
[
rp 0
0 rs
]
+ i
x0
2lf
[
r ′p 0
0 r ′s
]
+ i
y0
2lf
rp + rs
tanθi
[
0 −1
1 0
]
(15)
With the confocal filtering, the Goos-Hänchen and the
Imbert-Fedorov fields terms (i.e. the second and third
terms of the r.h.s in the equation) are halved when com-
pared to equation 12. The Jones matrix related to the
polarizers and polarization leakage remain unchanged.
With this last correction, we have now all the equations
required in order to simulate the modal transformation
induced by a reflecting surface acting on a polarized
Gaussian beam and this for any arbitrary polarization
and polarization leakage level. Finally the full scanning
confocal mapping of the detected field is given by the
analytical form
~ED (x0, y0) =
¯¯A(α) ¯¯MDx0,y0
¯¯P (β)~ED0,0 (16)
The first important result we are getting from equa-
tion (16) and the mirror matrix term in equation (15)
is when the location of the fiber center and the focal
spot axis coincide, namely for x0 = 0 and y0 = 0. In
this case the result is the same as found in the simplifed
plane wave analysis of section III and the equation of
polarization cancellation given in equation 6 holds for-
tuitously. This is the case because the filtering function
of the confocal arrangement eliminates the higher depo-
larizing modes. Without the confocal filtering, the nor-
malized integrated total intensity in cross-polarization
detected in wide field imaging of the focused point, or
for collected with a wide core multimode fiber, is ob-
tained using equations (10) and (13):! | ~Ef ⊥ |2 dxdy! | ~E0x,y |2 dxdy = 14 | rp + rs |
2
tan2θi
(ωf
lf
)2
(17)
For our experimental parameters and using equation
(11), the collected depolarized field would limit the ex-
tinction to 1.56×103 and 2.1×103 for p- and s-polarized
beam respectively. This demonstrates the key role of the
confocal arrangement for the giant polarization extinc-
tion reached in the state of the art resonance fluores-
cence measurements [6, 7, 14, 16].
The second significant result is illustrated, applying
equation (16) on a purely p- or s-polarized beam mea-
sured in cross-polarization, by mapping the focused
spot position (x0, y0) across the single mode fiber end.
The result is an intensity map displaying two lobe max-
ima located at the fiber location at x0max = 0 and y0max =
±ωf above and below the plane of incidence. This is in
complete agreement with our measurements as seen in
Fig. 2 for silver. We confirmed quantitatively these find-
ings for Bragg mirrors and thin-film based beam-splitter
cubes. As seen in figure Fig. 3 and Fig. 4, equation (16)
maps closely the evolution of the mode transformation
near cross-polarization condition for a metallic surface.
In our experiment the material parameter of the high
reflectivity surface that governs most of the effects we
observed is the phase difference ϕp − ϕs. In particular
for high reflectivity materials the intensity of the lobe
maxima at cross-polarization are obtained from equa-
tion (16) at fiber location (x0, y0) = (0,±ωf )
| ~ED (0,±ωf )/ ~ED0,0 |2= 14e
| rp + rs |2
tan2θi
(ωf
lf
)2
(18)
In particular for high reflectivity materials, from
equation 11 we have | rp + rs |2= 4cos2∆. For a pure
silver surface ∆ = 192.52◦, the lobe intensity should
be 5.9 × 10−5. For our independently measured values
of ∆ = 102.48◦ and ∆ = 100.7◦, we should be finding
2.35×10−4 and 1.74×10−4 for p- and s- polarization re-
spectively. We measure typical lobe maxima in the range
of 0.3 to 1.4×10−6. For a reason not yet elucidated, our
maximum measured intensities are weaker than mod-
eled. We believe that we are still missing a full quantita-
tive understanding in the way the receiving fiber filters
non Gaussian modes. Indeed the sensitivity of our setup
should have permitted to detect the higher terms modes
TEM11 that have a symmetry xy. Such modes originate
from the finite sized waist of the Gaussian beam making
it naturally divergent [33]. In fact, we can use the ex-
act formalism developed above to show that such terms
originate also from geometrical projections around the
optical axis. This time the projection is not involving
any reflecting surface but just the natural divergence of
the beam before the lens, leading to a gradual phase-
shift gained by each plane-wave component here again
depolarizing naturally the beam. Applying the Fourier
transform due to the focusing lens and keeping in mind
the convolution imposed by the collecting fiber, we cal-
culated that the expected clove shaped mode is peaking
at the four location (x0;y0) = (±ωf ;±ωf ) with an inten-
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FIG. 5: Measured (a) and simulated (b) evolution of the modal
mapping through maximum extinction for reflectivity from
the air side off a glass surface (BK7) in for p-polarization. (c)
Red symbols: extinction ratio for different analyzer angles α
shifts as explained in text. Black symbols: reference measure-
ment with the analyzer placed just after the polarizers. The
maxima beam peak-shift and splitting positions are shown
and modeled in (d) in units of beam waist ωf .
sity given by:
| ~ED (±ωf ,±ωf )/ ~ED0,0 |2= 14e2
( ωf
2 lf
)4
(19)
A result corroborated in ref [33]. Using this expression
for our experiment parameters, the mode peak intensity
should be 3.8×10−7 a value that is well within our sensi-
tivity range. It is a puzzling fact that we did not observe
any trace of this TEM11 signal. There is no doubt how-
ever that this mode is present as measured in [33] , this
is why we believe that our understanding of the way the
optical fiber is filtering the signal is not complete yet.
Finally and for comparison we have also tested our
model with a purely dielectric BK7 glass surface with
reflectivity from the air-side near cross-polarization for
the p-polarization. The results are shown in Fig. 5.
In this configuration as expected from the model dis-
cussed in the section III indeed there is no shift α − α0
between the condition of maximum cross-polarization
for the dielectric and the reference measurement. As
expected also from section III there is no effect of can-
celation of the polarization leakage. The most remark-
able difference is the way of the mode splitting evolves
upon rotation of the analyzer. The absence of imaginary
terms in rp and rs is the reason for this behavior. Here,
we see not only the Imbert-Fedorov out of plane split-
ting at cross-polarization but also the appearance of the
Goos-Hänchen mode showing a mixing that bends the
beam shape along the plane of incidence. Fig. 5 shows
in particular the evolution of the beam splitting near
cross-polarization condition which is completely differ-
ent from what is seen for metals such in in Fig. 3d and
Fig. 4d. Because Im(rsr∗p) = 0 for the reflectivity from
the air side of a dielectric there is no term linear in δα
near cross-polarization conditions as also seen from the
experiments. For a dielectric an analytical solution for
the location of the lobes intensity maxima for very small
analyzer rotation angle δα << 1 near cross-polarization
condition shows the quadratic evolution observed in our
measurement.
VI. CONCLUSIONS
In conclusion, we have exposed a systematic ex-
perimental method based on a confocal microscopy
arrangement to obtain a giant enhancement in dark-
field cross-polarization extinction and this by up to 3
orders of magnitudes and possibly beyond. We found
that the effect exploits the material properties of a
surface or interface under condition of total internal
reflectivity in particular. In more general terms, the
effect was found to be fully governed by the phase
difference, such as induced by beam-splitter cubes and
Bragg mirrors, between the reflectivity of light com-
ponents polarized in- and out-of-plane of incidence.
Modeling this effect led us to simulate and map in
minute details the transformation of Gaussian beams
near cross-polarization into Imbert-Fedorov higher
modes, a physics governed essentially by the finite
divergence of a Gaussian beam reflecting off a surface.
This work opens the way to methodical design of
sensitive laser resonant fluorescence microscopes with
extreme background extinction, for a broad range of
applications in quantum optics and solid-state physics.
The new methods developed for this work can also be
applied for measuring material optical properties.
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